INTRODUCTION
The mitochondrial or kinetoplast DNA of the kinetoplastid protozoa is one of the most unusual DNA structures in nature. The purpose of this review is to bring this interesting system to the attention of microbiologists and others (58, 63, 68) . Oligomer sequences within the conserved regions arc also conserved among kinetoplastid species. Kidane et al (SI) first recognized a dodecamer present in L. tarentolae. T. brucei, 7. equiperdum, and 7. cruzi, and Ponzi et al (78) discovered a pentadecamer present in 7. lewisi, 7. brucei, and 7. equiperdum. The dodecamer sequence, GGGGTTGGTGTA, is also present in the major minicircle class of C. fasciculata strain Cf-Cl (101). This sequence has been termed the "universal" minicircle sequence (74) , although adoption of this term may be premature, since sequences from several kinetoplastid genera are not yet available. Ntambi & Englund (74) showed that this sequence represents an origin of replication of the minicircle.
The sequence similarities of the conserved regions from the minicircles of the six species examined correspond with the presumed evolutionary affinities of the species. For example, as stated above, the 7. brucei and 7. equiperdum conserved sequences are almost identical, although the other minicircle sequences differ. The 7. cruzi conserved sequences are more closely related to the 7. lewisi sequences than to the 7. brucei sequences and are least closely related to the L. tarentolae sequences (63) . 7. equiperdum is thought to be a recent genetic variant of 7. brucei that has lost the tsetse host. 7. cruzi and 7. lewisi are both classified, in terms of developmental localization in the insect host, as the more primitive stecorarian tr>'panosoiTies. 7. brucei, in contrast, is a salivarian trypanosome. These sequence homologies indicate that evolutionary constraints on sequence changes within the conserved region of the minicircle are greater than constraints on changes within the variable regions, as expected from the functional importance of an origin of replication. The origin of changes in the variable region is uncertain, but is probably a combination of a high rate of nucleotide substitutions and segmental rearrangements, possibly involving recombination between minicircles. Segmental rearrangements have been indicated by an electron-microscope heteroduplex analysis of Crithidia minicircles (42) and by a partial sequence analysis of a minor minicircle class from L. tarentolae kDNA (72) . In addition, a high rate (approximately 0.3%) of single nucleotide changes was observed in multiple clones of the same sequence class from C. fasciculata (7. 101).
The heterogeneity of the variable region varies from species to species. The most extreme case is 7. bnicei, which has at least 200-300 different minicircle sequence classes within the same cell (98). The frequency of the different sequence classes is also variable. However, frequency has only been measured quantitatively for one cloned minicircle of 7. brucei, which appeared in 500 copies per cell (100), and for five minicircles of L. tarentolae, which comprised 50% of the total minicircle DNA. Of these five minicircles. one class (pKSRl/pLtl9) represented 26% of the total population (51). An additional five minicircle sequence classes were detected by partial sequence analysis of cloned fragments (72) . The kDNA from the Borst laboratory strain of C. fasciculata was estimated to contain 13 diffierent minicircle sequence classes by summation of restriction-fragment gel bands (40, 42, S6). In the case of the Cf-Cl strain of C. fasciculata, however, over 90% of the kDNA minicircles consist of a single sequence class, which exhibits approximately 0.3% nucleotide variation in different clones (7, 101). This strain variation was unexpected, since Camargo et al( 13) had observed no differences in the kDNA restricdon profiles of three C. fasciculata strains from different labs. The variation between the Borst strain and the Cf-Cl strain has been confirmed by a side-by-side gel comparison (L. Simpson, unpublished results). It should be noted that visual estimates of frequencies of minicircle classes can be highly inaccurate owing to nonlinear staining of overloaded bands. Furthermore, it should be remembered that kinetic complexity values of kDNA minicircles from the Borst strain of C. fasciculata and two other Crithidia species are only 1-2.5 times minicircle unit size (28. 42, 56).
The highly complex minicircles from the African trypanosomes appear to possess a sequence adjacent to the conserved region that maintains a characteristic purine versus pyrimidine strand bias and terminates with a series of oligo (A) tracts (48). In addition there is an 18-bp sequence that occurs as 3-4 pairs of inverted repeats throughout the variable region. These inverted repeats flank 102-110-bp segments that show slight sequence conservation among different minicircle classes. Jasmer & Stuart (49) have suggested that these transposonlike sequences represent a mechanism for the development of minicircle sequence diversity in this group of cells. However, such sequences are absent in minicircle DNA from L. tarentolae, 7. lewisi. and 7. cruzi, and therefore could not represent a general mechanism for generation of sequence diversity. The oligo (A) tracts are a constant feature of minicircle sequences from all species so far examined.
In addition to the C. fasciculata Cf-Cl strain, two other kinetoplastid species, 7. evansi (24. 31) and 7. equiperdum (3, 80), possess apparently homogeneous kDNA minicircle populations within a single cell. These species probably represent genetic variants of 7. brucei that have lost the ability to develop in the insect host and are transmitted contaminatively or venereally. Maxicircle DNA is absent from 7. exvnsi (24) and modified in 7. equiperdum (31). Minicircle DNA from one strain of 7. equiperdum has been sequenced, and minicircles from six strains of 7. evansi have been compared by restriction enzyme analysis. Two types of minicircle sequences were found in the six 7. evansi strains; this suggests that 7. evansi had at least two separate origins from the presumed ancestral 7. brucei stock. The level of sequence homogeneity in 7. evansi and 7. equiperdum is unknown; sequence analysis of multiple homologous clones is necessary to determine the acnial nucleotide sequence variation. The reason for minicircle sequence homogeneity in these two species is unknown, but the minicircle sequence heterogeneity in most species appears to be correlated with the presence of a functional maxicircle. Borst et al (9) have suggested that the recently discovered genetic recombination that occurs in the insect phase of the 7. brucei life cycle is responsible for creating minicircle sequence heterogeneity, but direct evidence is lacking.
Sequence Heterogeneity as a Diagnostic and Epidemiological Tool
The existence of multiple classes of minicircle sequences within a single cell is mirrored by the existence of different sequence classes in different species and even in different strains of the same species. This diversit>' implies a rapid rate of sequence change in nature. The rate of minicircle sequence change varies among the different genera. The extensive minicircle sequence complexity within the 7. brucei group in fact renders this molecule unusable as a marker to distinguish different stocks or strains. However, lesser minicircle complexity renders the sequences of pathogenic Leishmania and 7. cruzi ideal for this purpose. In addition, the high copy number of the minicircle DNA within the network provides an amplified target for visualization of bands in a gel from few cells and for hybridization techniques.
In the case of 7. cruzi. different stocks exhibited characteristic minicircle restiiction fragment profiles in acrylamide gels (69) . These panems were stable over a 2-yr period of continuous culture and did not change during the parasite life cycle. In addition. Southern hybridization analysis showed diat differences in minicircle restriction profiles represent differences in sequences. Morel et al (69) proposed the term "schizodeme" to describe subpopulations of 7. cruzi (or any species of kinetoplastid protozoa) that possess similar minicircle restriction profiles in acrylamide gel electrophoresis. Since sinular restriction profiles imply similarities in minicircle DNA sequences, this term is also applicable to subpopulations that exhibit cross-hybridization with kDNA probes as shown by dot blot hybridization. Schizodeme analysis of 7. cruzi has proved to be a sensitive and reliable method for distinguishing strains and stocks (16. 30, 71).
Schizodeme analysis has been used to show that different strains of 7. cruzi can simultaneously coexist in the vertebrate host and that the inoculation schedule and the method of reisolation affect the recovery of individual strains (16). In one experiment, mice were doubly infected with the F and Y strains of 7. cruzi. The parasites were recovered from the blood either directly into culture or through passage in irradiated mice and were identified by schizodeme analysis. The researchers found thai both the timing and the method of parasite isolation act as selective factors.
Labeled kDNA and cloned minicircles have also been used as probes in dot blot hybridization experiments with 7. cruzi strains (32, 62, 83). In addition, oligonucleotide probes synthesized from the known sequence of a cloned 7. cruzi CL strain minicircle have been used to distinguish different stocks and strains in dot blot experiments with intact cells spotted onto filters (70) . Oligonucleotides from different minicircle regions have different specificities: A sequence from the conserved region was specific for the 7. cruzi species (i.e. versus Leishnumia). and sequences from the variable region were specific for homologous 7. cruzi stocks.
In the case of the pathogenic Leishmania. schizodeme analysis by comparison of acrylamide gel profiles and direct Southern and dot blot hybridization using kDNA or intact cells probed with labeled kDNA or cloned minicircle DNA have been used with success (1.37,44,45. SO. 60,61,97). A clinically useful variant of the dot blot method is the touch blot method; fragments of infected lesions are briefly touched to nitrocellulose filters, leaving parasite amastigotes attached to the filter (103). Owing to the high copy number of kDNA minicircles, a hybridization signal can be seen with as few as 100 cells. This method was used to distinguish Leishmania brasiliensis subspecies from Leishmania me.xicana subspecies and from Leishmania tropica. Schizodeme analysis has also been used to distinguish Leishmania major from L. tropica (50, 97). A cloned kDNA minicircle has been used as a sensitive and specific diagnostic probe for Kenyan visceral leishmaniasis (76) .
Cloned minicircle fragments from visceral Leishmania species exhibited different taxonomic specificities in hybridization assays (2. 61). One cloned fragment could distinguish visceral and cutaneous species. Another cloned fragment was specific for the stirain from which it was derived. Similar results were obtained with cloned minicircle fragments from Leishmania chagasi. These results imply either an intermolecular heterogeneity* in minicircle sequence specificitv', an intramolecular heterogeneity, or both. The intramolecular sequence heterogeneity is clearly due to the presence of both conserved and variable regions. Rogers & Wiith (81) recendy used hybridization specificit)' with minicircle DNA from the same species or group to show the existence of a gradient of sequence conservation within the conserved region of the Leishmania minicircle. Based on sequence analysis of two cloned L. mexicana amazonensis minicircles, the boundary between the conserved and strain-specific variable region appears to be sharp; this implies the existence of a mechanism that maintains sequence conservation of the conserved region while allowing the variable region to diverge rapidly (D. Winh. personal communication). The discovery of a gradient of sequence conservation within the conserved region is important, since it indicates that kD.NA hybridization can be a precise as well as sensitive method for diagnosis and classification down to the group and strain levels for the leishmanial diseases and probably for other kinetoplastid-caused diseases. 
Replication of Minicircle DNA
The decatenation-recatenation model for the replication of kDNA minicircles (21) was based on the early observations that newly replicated kD.NA was localized in two loci at die edge of the network: this DNA was chased into a peripheral, widening ring of open circular minicircle DNA in the network, which only became covalently closed after the S phase (86. 94). This model has been substantiated by direct analysis of replicating minicircle intermediates in vivo in C. fasciculata and 7. equiperdum (52, 53, 74, 75) and in an isolated C. fasciculata organelle system (6, 8). The minicircle initiates replication widi random detachment of the covalentiy closed circle from the network by a putative topoisomerase II activity, followed by an apparent Caims-type replication. The newly synthesized heavy strand consists of small oligonucleotides. The light strand, in the case of 7. equiperdum. contains a single gap of 10 nucleotides with a 5' anached ribonucleotide overiapping the "universal" dodecamer sequence (75) . In the case of C. fasciculata. the light strand has two gaps overlapping the two "universal" dodecamer sequences (6, 8). The gapped minicircles are then recatenated to the edge of the network. Only afrer the S phase is completed are all discontinuities filled in and nicks ligated.
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Mitochondrial Ribosomal RNA Genes
The 9S and 12S RNAs are the major suble RNA species in purified kinetoplast fractions from several kinetoplastid species (91). They represent the smallest rRNAs yet identified. In spite of radically different sizes and primary sequences as compared to known rRNAs. models of secondary structure can be constructed for the 9S RNA and for portions of the 12S RNA (17. 19, 23, 95) . These models conform well to portions of the E. coli I6S and 23S rRNA models (12, 104). These models can be verified and extended by the evolutionary method of Woese et al (104), in which compensatory nucleotide substitutions are obsened in helical regions of sequences from different kinetoplastid species that preserve base pairing. By comparing the sequences of the 9S and 12S R.NAs from L. tarentolae and 7. brucei. several helical regions in the models were verified (17, 19) . Similar partial models of secondary structure were constructed from a comparison of 9S and 12S sequences from 7. brucei and C. fasciculata (95). Verification and extension of these models will depend on determination of additional 9S and 12S RNA sequences from other kinetoplastid species and analysis of the alignments. The major conclusion from die preceding rRNA analyses is that in spite of a high degree of primary sequence divergence and the absence of several regions that are conserved in most other rRN.As, there is a striking conservation of many of the sequences and structures diat are implicated in the biosynthetic function of the ribosome, e.g. the peptidyl transferase region in the I2S RNA. To explain the small size of these rRNAs, we have speculated that some of the functions of rRNA have been taken over by proteins and that those that remain are crucial for basic translational functions (19). Thus, an analysis of these unusually small rRNAs may prove to be of general significance in terms of understanding the structure-function relationships of rRNA.
Mitochondrial Structural Genes and Open Reading Frames
The basic organization of the maxicircle genome in all kinetoplastid species examined consists of an actively transcribed informational region containing the rRNA genes and strucniral genes and a nontranscribed divergent or variable region containing a variety of repeated sequences of unknown fimction. The complete nucleotide sequences of the informational regions and portions of the divergent regions of the maxicircle DNA from L. tarentolae and 7. brucei and of ponions of the maxicircle DNA from C. fasciculata are known (4. 18, 25, 38, 46, 77) . Simpson et al (90) and de la Cruz et al (84) have compared the maxicircle genomes of L. tarentolae and 7. brucei in detail. They identified specific ORFs as structural genes homologous to those in other organisms by measuring the statistical significance of amino acid 
Comparison of the Maxicircle Genomes from Two Kinetoplastid Species
The informational portions of the maxicircle genomes of 7. brucei and L. tarentolae are colinear in terms of gene localization and gene polarity except for two regions, one between the 9S RNA gene and the CYb gene and one 3' of the CYb gene (73,90). The COIII gene and the 0RF3-4 and 0RF12 genes are unique to L. tarentolae. MURFl and MURF2 represent two unidentified genes that are conserved between these two species.
The absence of die COIII gene in the 7. brucei maxicircle genome is unprecedented and is due eidier to a nuclear localization of the COIII gene or to the absence of this subunit from the holoenzyme in this species.
Short regions of DNA sequence homology are present within the nonhomologous regions, but their significance is not understood. In addition, several shon GC-rich regions that do not show gene characteristics are nevertheless transcribed, and the pattern of intergenic guanine versus cytosine 
The COII Frameshift
The COII gene presents a special problem in that there is a -1 frameshift in the DNA sequence that is conserved between 7. brucei and L. tarentolae (\i, 38, 77). RNA sequencing of the 7. brucei COII mRNA has indicated that there is an insertion of several uridines in this region of the transcript; this insertion overcomes the frameshift and allows translation of the complete COII protein (5). This represents a novel posttranscriptional activity, which must be studied for confirmation and for understanding of die mechanism involved. There is one odier gene, the MURF2 gene in I. tarentolae, which may exhibit the same phenomenon: die DNA sequence gives rise to two overlapping ORFs, yet there is a single transcript, and both ORFs are homologous to a single MURF2 ORF in 7. brucei.
Divergence of Maxicircle Genes from Mitochondrial Genes of Other Organisms
All identified maxicircle genes have diverged significantly from homologous genes from other organisms. As discussed above, the rRNA genes have diverged so far from rRNA genes of other eukaryotic cells that structural analysis was necessary for definitive identification. The structural genes have diverged to great but differing extents. The most conserved gene is COI, and the least conserved is COIII. In all cases, however, the extent of sequence similarity is less between the kinetoplastid gene and the homologous gene from fungal or animal mitochondrial genomes than between the same genes from fungal and animal lines. The sequence similarity was determined by calculating both the statistical significance of amino acid alignments and the absolute amino acid mismatches.
The Divergent Region of the Maxicircle
The 
Transcription of Maxicircle Genes
The conserved region of the maxicircle is actively transcribed, yielding high steady-state levels of die 9S and 12S rRNAs and lower levels of polyadenylated mRNAs and smaller G-rich RN.As of unknown significance (47). Transcripts for six L. tarentolae strucniral genes and several ORFs have been identified, and die locations of the 5' ends have been detemined by primer runnoff (85). The distance from die 5' end to the putative translation initiation codon (where determined) varies from 20 to 64 nucleotides. This arrangement differs from that in the human mitochondrion and is similar to that in the yeast mitochondrion, where there are multiple promotors and substantial 5' untranslated sequences. Transcription occurs from one strand for all genes but NDl. MURFl, and COI. Single transcripts cover the overiapping 0RF3 and 0RF4 and the overiapping ORFS and 0RF6 (=MURF2). The number of promotors is unknown. In some cases transcripts of higher molecular weight can be seen in Northern blots: these transcripts may be precursors. A preliminary capping experiment indicated the presence of separate promotors for the 9S and 12S rRNA genes and three to four additional promotors for the structural genes, but these must be confirmed by direct sequence analysis of the capped species (85). In the case of 7. brucei. low-abundance highmolecular weight putative precursor bands were seen in Northern blots for several of the maxicircle genes (2S). The abundance of the steady-state transcripts from the L. tarentolae maxicircle genes showed some variation, which implies either separate transcriptional control or processing. For example, the 1800-nucleotide COI and the 1200-nucieotide CYb transcripts were much more abundant dian the 1000-nucleotide .MURF2 transcript (85. 93). 
